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HIGHLIGHTS 


•  LSCF-YSZ  cathode  supported  tubular  SOFCs  are  successfully  developed. 

•  The  tubular  cell  has  a  low  polarization  resistance  of  0.33  Q  cm2  at  750  °C. 

•  The  tubular  cell  has  a  peak  power  density  of  0.55  W  cnr2  at  750  °C. 

•  It  is  feasible  to  fabricate  cathode  supported  SOFC  with  the  impregnation  method. 
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Tubular  solid  oxide  fuel  cells  (SOFCs)  are  developed  with  thick  (-0.50  mm)  Lao.6Sro.4Coo.2Feo.8O3  (LSCF) 
— (Y203)o.o8(Zr02)o.92  (YSZ)  cathode  substrates  and  thin  (6.9  pm)  film  YSZ  electrolytes.  LSCF  is  introduced 
to  the  thick  porous  YSZ  substrate  by  impregnating  technique,  resulting  in  nanostructured  LSCF  particles, 
which  are  formed  at  800  °C.  The  relatively  low  sintering  temperature  has  effectively  eliminated  the 
possible  solid-state  reaction,  which  occurs  between  YSZ  and  LSCF  above  900  °C.  The  nanostructured 
electrocatalyst  promotes  the  electrochemical  activity,  resulting  in  total  interfacial  polarization  resistance 
of  0.33  Q  cm2  at  750  °C  for  the  single  cell.  At  the  same  temperature,  the  cell  has  achieved  a  peak  power 
density  of  0.55  W  cnr2,  much  higher  than  those  reported  for  the  cathode  supported  tubular  SOFCs 
(about  0.2  W  cnr2).  The  improved  performance  demonstrates  the  feasibility  of  fabricating  cathode 
supported  tubular  SOFCs  with  highly  active  catalysts  such  as  LSCF,  Smo.sSro.sCoOs,  Bao.5Sro.5Coo.8Feo.2O3 
and  PrBaCo205. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Tubular  configuration  has  caused  much  attention  as  one  of  the 
solid  oxide  fuel  cell  (SOFC)  designs,  due  to  its  particular  advan¬ 
tages  over  the  planar  structure  such  as  easier  sealing  and  better 
thermal  shock  resistance  [1,2].  The  tubular  SOFCs  are  mainly 
divided  into  four  categories,  which  are  supported  on  the  anode, 
cathode  and  electrolyte  in  addition  to  porous  metal  substrates 
[3—7].  The  cathode  supported  structures  with  thin  anode  layers 
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have  many  advantages,  especially  when  hydrocarbons  are  used  as 
the  fuels.  In  the  thin-film  anode,  almost  all  the  anode  layer  is 
electro-active,  which  is  quite  resistive  to  carbon  deposition.  In 
addition,  the  thin  anode  layer  can  reduce  the  volume  contraction 
and  expansion  resulted  from  the  accidental  anode  redox  cycles. 
And  also,  the  developed  oxide  anodes  can  be  applied  in  the 
cathode  supported  configuration,  replacing  the  Ni-based  anodes, 
which  undergo  severe  carbon  deposition  [8],  For  a  cathode  sup¬ 
ported  SOFC  operated  with  the  methane  fuel,  redox-stable 
Lao.75Sro.25Cio.5Mno.5O3  perovskite  anode  has  been  fabricated  by 
slurry-printing  and  firing  at  only  950  °C  to  form  a  porous  anode 
layer  [9],  Therefore,  the  cathode  supported  tubular  SOFCs  are 
suitable  for  the  new  oxide  anodes  and  potentially  most  reliable  in 
the  commercial  application,  which  has  been  demonstrated  by  the 
outstanding  reliability  of  Siemens'  (formerly  Westinghouse's) 
SOFC  systems  [10,11], 
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The  cathode  supported  tubular  SOFCs  have  been  reported 
mainly  using  LaMnC>3-based  cathodes  and  zirconia-based  electro¬ 
lytes  [12,13].  Although  the  cell  configuration  seems  attractive,  the 
performance  is  relatively  low.  This  can  be  ascribed  to  the  following 
three  reasons.  Firstly,  (La,  Sr)MnC>3  (LSM)-based  materials  are 
electronic  conductors  with  negligible  ionic  conductivity  and  poor 
electrochemical  activity  to  oxygen  reduction  [14],  Secondly,  the 
cathode  substrate  and  the  electrolyte  have  to  be  co-sintered  at  high 
temperatures  (above  1200  °C)  to  density  the  electrolyte  and  ach¬ 
ieve  the  mechanical  strength  during  the  fabrication  routes.  Such 
high  temperature  may  induce  the  chemical  reactions  or  element 
diffusion,  resulting  in  electric  degradation  at  the  cathode/electro¬ 
lyte  interfaces.  Thirdly,  the  high  temperature  co-sintering  process 
can  promote  the  adverse  coarsening  of  the  cathode  particles, 
resulting  in  the  loss  of  triple  phase  boundaries  (TPBs)  for  oxygen 
reduction.  Hence,  to  achieve  high  performance,  cathode  material 
with  high  catalytic  activity  should  be  used  to  replace  the  LSM- 
based  materials.  In  addition,  particle  coarsening  should  be  avoi¬ 
ded  in  the  fabrication  process.  Comparing  with  LSM,  cobaltite  based 
oxides  such  as  Lao.6Sro.4Coo.2Feo.8O3  (LSCF),  Smo.sSro.sCoCty  (SSC), 
Bao.5Sro.5Coo.8Feo.2O3  (BSCF)  and  PrBaQ^Os  (PBC)  are  much  supe¬ 
rior  cathode  materials  due  to  their  higher  oxygen  ionic  conductivity 
and  electro-catalytic  activity  [15—18],  However,  the  application  is 
limited  by  the  poor  chemical  compatibility  with  zirconia-based 
materials.  For  example,  LSCF  reacts  with  yttria  stabilized  zirconia 
(YSZ)  at  900  °C,  much  lower  than  the  desired  sintering  temperature 
(-1400  °C)  to  density  YSZ  electrolytes  [19],  Therefore,  a  practical 
fabrication  method  should  be  proposed  to  prepare  catalytically 
active  cathode  supporters  and  meanwhile  to  avoid  the  possible 
solid-state  reaction  induced  by  high  temperature  sintering  in  the 
fabrication  process. 

In  this  work,  a  fabrication  method  is  demonstrated  to  prepare 
the  cathode  supported  tubular  SOFCs  with  YSZ  electrolytes  and 
LSCF-based  cathodes.  The  LSCF  particles  are  introduced  to  the 
cathode  supporters  using  the  well-developed  impregnation/infil¬ 
tration  technique,  which  is  a  low-temperature  preparation  method 
to  prepare  nanostructured  electrodes  [20],  The  impregnation 
method  is  used  to  introduce  LSCF  particles  into  porous  YSZ  tubular 
substrate  to  prepare  the  cathode,  which  is  about  0.5  mm  thick.  The 
tubular  substrate  contains  a  highly  porous  thick  YSZ  layer  and  a 
dense  thin  YSZ  layer,  which  is  derived  from  a  NiO— YSZ/YSZ  bi-layer 
structure.  Preparation  of  the  NiO— YSZ/YSZ  tubes  is  relatively  facile 
since  NiO  is  chemically  compatible  with  YSZ  [21]  and  the  relevant 
techniques  such  as  extrusion  and  dip-coating  are  much  mature 
[22,23],  LSM  based  cathodes  are  also  prepared  using  the  same 
procedure  for  comparison. 


2.  Experimental 

2.3.  Preparation  of  cathode  supported  tubular  cell 

Fig.  1  schematically  represents  the  route  to  fabricate  the  cathode 
supported  tubular  SOFC.  The  route  generally  consists  of  three  parts. 
Firstly,  a  thin  dense  YSZ  electrolyte  is  fabricated  on  a  porous  YSZ 
substrate,  which  is  derived  from  NiO— YSZ,  where  NiO  is  used  as  the 
pore  former.  The  tubular  NiO— YSZ/YSZ  structure  was  formed  by  a 
simple  dip-coating  and  co-sintering  method,  which  is  well  devel¬ 
oped  and  often  applied  in  fabricating  anode  supported  tubular 
SOFCs  [23,24].  Details  of  the  method  are  reported  by  Liu  et  al.  23], 
Unless  otherwise  specified,  all  the  starting  chemicals  were  from 
Sinopharm  Chemical  Reagent  Co.  Ltd.  The  NiO— YSZ  substrate 
consisted  of  50  wt.%  NiO  (Lanzhou  Jinchuan  Metal  Material  Tech¬ 
nology  Co.,  China)  and  50  wt.%  YSZ  (Farmeiya  Advanced  Materials 
Co.,  China).  Fine  YSZ  (TOSOH  Co.)  powder  was  used  to  fabricate  the 


thin  electrolyte  layer.  The  resulted  tube  is  approx.  2.5  cm  long, 
1.0  cm  in  outside  diameter,  and  0.50  mm  thick. 

NiO  was  removed  by  a  chemical  method.  The  NiO— YSZ  tube 
with  dense  YSZ  electrolyte  was  reduced  to  Ni— YSZ  at  750  °C  for  5  h 
in  H2— H20  (3%  H2O)  stream.  Ni  was  then  completely  removed  by 
soaking  the  Ni— YSZ/YSZ  tube  in  a  4  mol  L-1  nitric  acid  solution  at 
70  °C  for  10  h.  After  washing  with  distilled  water  and  drying,  a 
white  tube  was  obtained  with  a  thick  (-0.50  mm)  porous  YSZ  layer 
and  a  thin  (-7  pm)  dense  YSZ  layer,  i.e.  porous-YSZ/dense-YSZ 
bilayer,  Fig.  1. 

Secondly,  NiO— YSZ  (TOSOH  Co.)  anode  was  applied  on  to  the 
YSZ  electrolyte  by  brush-painting.  NiO  powder  was  synthesized  via 
a  glycine  nitrate  method  [25].  NiO— YSZ  slurry  was  prepared  by 
mechanically  mixing  the  NiO  and  YSZ  powders  (at  a  weight  ratio  of 
3:2)  with  organic  additives  such  as  terpilenol  and  ground  with 
agate  mortar.  The  NiO— YSZ  slurry  was  then  painted  on  to  the  YSZ 
electrolyte  and  heated  at  1200  °C  for  2  h  in  air,  resulting  in  a 
porous-YSZ/dense-YSZ/NiO— YSZ  tri-layer  structure,  Fig.  1.  The 
anode  active  area  was  about  0.6  cm2. 

Finally,  LSCF  was  impregnated  to  the  porous  YSZ  layer  to  form 
LSCF— YSZ  cathode.  The  impregnation  cycle  was  conducted  by 
pouring  into  the  tube  with  0.5  mol  L-1  Lao.6Sro.4Coo.2Feo.sO3  solu¬ 
tion,  vacuum-pumping,  pouring  out,  drying,  and  firing  at  800  °C  for 
2  h  in  air.  The  LSCF  solution  was  prepared  by  dissolving  stoichio¬ 
metric  amounts  of  La(N03)3,  Sr(N03)2,  Co(N03)2,  and  Fe(N03)3  in 
distilled  water,  to  which  citric  acid  and  EDTA  were  added  with  a 
citric  acid,  EDTA  to  nitrate  molar  ratio  of  1:1:1.  The  LSCF  loading 
was  determined  using  electronic  balance  (AB135-S,  Mettler 
Toledo).  The  loading  for  each  impregnation  cycle  is  about  13  mg 
LSCF  per  gram  YSZ.  (Lao.ssSi'o.is/o.gsMnCty  (LSM)  was  also  impreg¬ 
nated  to  the  porous  YSZ  substrate  via  the  same  processes  as  the 
LSCF  impregnation.  The  LSM  solution  was  0.5  mol  L-1  and  consisted 
of  La(NC>3)3,  Sr(N03)2,  Mn(NC>3)2  and  glycine  with  a  glycine  to  ni¬ 
trate  molar  ratio  of  0.5.  For  each  impregnation  cycle,  LSM  was  fired 
at  800  C  for  2  h,  and  the  loading  was  about  16  mg  per  gram  YSZ. 

2.2.  Characterization 

Single  phase  LSCF  powder  was  prepared  for  structure  analysis 
by  heating  the  LSCF  solution  on  a  hot  plate  till  self-ignition,  pro¬ 
ducing  a  highly  porous  black  metal-oxide  ash,  which  was  collected 
and  heated  at  800  °C  for  2  h.  The  LSCF  powder  was  then  mixed  with 
YSZ  powder  at  a  mass  ratio  of  1:1,  and  heated  at  800  °C  for  2  h.  The 
mixture  was  named  as  mixed  LSCF— YSZ  powder.  Impregnated 
LSCF— YSZ  powder  was  also  prepared  by  crushing  and  milling  the 
LSCF  impregnated  YSZ  tube.  The  powders  were  analyzed  using  X- 
ray  diffraction  (XRD,  D/Maxra)  equipped  with  Cu  Ka  radiation.  The 
pore  size  distributions  of  anode  supporters  were  measured  with 
mercury  porosimetry  (Model  PM60GT-17,  Quantachrome  Instru¬ 
ment).  The  microstructure  was  characterized  by  scanning  electron 
microscopy  (SEM,  JSM-6700F). 

For  fuel  cell  tests,  the  tubular  cell  was  sealed  to  quartz  tube  with 
electric  conductive  adhesive  (DAD-87,  Shanghai  Synthetic  Resin 
Institute),  Fig.  2.  Ag  paste  (Sino-platinum  Metals  Co.,  Ltd)  was 
painted  on  both  the  anode  and  cathode  surface  as  the  current 
collector.  A  four-probe  setup  was  used  to  eliminate  the  resistive 
losses  in  the  Ag  current-collecting  wires.  The  single  cell  was  tested 
in  a  tube  furnace  at  temperatures  from  600  to  750  °C,  using  hu¬ 
midified  hydrogen  (70  ml  min-1)  as  the  fuel  and  flowing  air 
(100  ml  min-1)  as  the  oxidant.  The  voltage— current  curves  were 
measured  using  a  Zahner  Zennium  electrochemical  station,  as  well 
as  the  impedance  spectra  under  open  circuit  conditions  with 
amplitude  of  10  mV  over  the  frequency  range  from  1  MHz  to  0.1  Hz. 
The  cell  stability  was  recorded  using  a  potentiostat  (CHI  1100A, 
Chenhua,  Shanghai). 
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Fig.  1.  Fabrication  route  for  the  LSCF-YSZ  supported  tubular  SOFC  where  nanostructured  LSCF  is  prepared  by  an  impregnation  method. 


3.  Results  and  discussion 

The  tubular  porous-YSZ/dense-YSZ  bilayer  substrate  possesses  a 
fine  fluorite  structure  and  no  other  phase  can  be  found  within  the 
sensitivity  of  XRD,  Fig.  3a.  This  implies  the  excellent  chemical 
compatibility  between  NiO  and  YSZ  when  they  are  co-sintered  at 
1400  °C.  No  residual  nickel  is  observed  after  the  chemical 


treatment,  demonstrating  NiO  is  a  favorite  pore  generator  [26]  for 
preparing  porous  YSZ  especially  considering  the  mature  technique 
of  fabricating  NiO— YSZ/YSZ  bi-layers.  Fig.  3b  is  the  diffraction 
pattern  for  the  LSCF  powder,  which  is  prepared  by  heating  the  LSCF 
solution  and  firing  at  800  °C.  The  pattern  presents  the  perovskite 
structure.  The  XRD  pattern  for  the  LSCF  infiltrated  YSZ  supporter 
can  be  ascribed  to  either  LSCF  or  YSZ  without  any  other  unexpected 
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Fig.  2.  Experimental  setup:  (a)  schematic  arrangement  for  testing  the  cathode  supported  single  cell  and  details  in  the  dashed  circle  are  shown  in  (b). 


phase,  Fig.  3c.  This  shows  that  the  perovskite  phase  is  also  formed 
when  the  impregnated  LSCF  is  heated  at  800  °C  for  2  h.  In  addition, 
no  obvious  impurity  phase  is  observed  when  LSCF  is  formed  on  the 
YSZ  skeleton  under  the  experimental  conditions.  However,  the 
peak  intensity  for  LSCF  is  much  smaller  than  YSZ  since  the  LSCF 
content  is  about  15  wt.%  in  the  impregnated  LSCF— YSZ  powder. 
Fig.  3d  shows  the  XRD  pattern  for  the  mixed  LSCF— YSZ  powder 
with  50  wt.%  LSCF.  All  the  peaks  could  be  attributed  to  either  LSCF 


20  (°) 


Fig.  3.  Room  temperature  XRD  patterns  for  (a)  YSZ  powder  derived  from  porous-YSZ/ 
dense-YSZ  bilayer,  (b)  LSCF  powder  from  LSCF  solution,  (c)  impregnated  LSCF-YSZ 
powder,  and  (d)  mixed  LSCF-YSZ  powder  heated  at  800  °C. 


or  YSZ,  demonstrating  no  obvious  solid  state  reaction  between  LSCF 
and  YSZ  at  the  temperature  for  LSCF  cathode  fabricating,  consistent 
with  the  results  reported  by  Chen  et  al.  [27], 

Fig.  4a  shows  the  microstructure  of  the  porous  YSZ  substrate. 
Homogeneous  pore  distribution  presents  when  NiO  is  removed. 
The  porosity  is  about  50%.  The  mean  pore  diameter  is  0.41  pm, 
Fig.  5.  After  impregnation  with  LSCF,  the  porosity  decreases,  Fig.  4b. 
It  is  to  about  35%.  The  mean  pore  diameter  decreases  to  0.36  pm. 
And  the  pore  distribution  becomes  broader,  Fig.  5.  Fig.  4c  displays  a 
typical  cross-sectional  SEM  image  of  a  single  cell  consisting  of  the 
LSCF  infiltrated  YSZ  cathode,  YSZ  electrolyte  and  Ni— YSZ  anode. 
The  thicknesses  of  the  YSZ  electrolyte  and  the  Ni— YSZ  anode  are 
about  6.9  pm  and  14.2  pm,  respectively.  The  electrolyte  layer  ap¬ 
pears  fully  dense  with  only  a  few  isolated  pores.  The  Ni— YSZ  anode 
is  porous  and  contacts  well  with  YSZ  electrolyte,  Fig.  4d.  The  good 
contact  could  facilitate  the  oxygen  ionic  transport  across  the  anode/ 
electrolyte  interface.  Fig.  4e  and  f  present  the  microstructures  of  the 
LSCF  infiltrated  YSZ  after  long  time  test.  On  the  YSZ  surface,  a  close 
coating  layer  presents  with  well  interconnected  LSCF  particles, 
which  could  promote  the  electric  conduction  and  hence  decrease 
the  cathode  ohmic  resistance.  The  average  size  of  the  LSCF  particle 
is  about  170  nm,  Fig.  4f.  The  small  particle  size  is  favorable  to  the 
catalytic  activity  since  small  size  means  rich  TPB  sites  where  oxy¬ 
gen  reduction  reaction  occurs  [28]. 

Fig.  6a  presents  the  current— voltage  (I—V)  and  current— power 
density  (/— P)  curves  at  750  °C.  The  open  circuit  voltage  (OCV) 
values  are  close  to  1.1  V,  indicating  that  the  YSZ  electrolyte  layer  is 
dense  enough  to  prevent  the  cross-over  of  the  fuel  and  air.  When 
stationary  air  is  used  as  the  oxidant,  the  cell  exhibits  a  limited 
performance  with  a  peak  power  density  of  0.44  W  cnrT2  since  se¬ 
vere  concentration  polarization  is  observed  when  the  current 
density  exceeds  0.85  A  cm-2.  This  seems  to  be  due  to  the  thick 
cathode  with  impregnated  structure.  In  the  previous  report,  most  of 
the  impregnation  effort  is  devoted  to  prepare  thin-layer  cathodes 
for  the  planar  SOFCs,  where  the  cathode  is  about  20—60  pm  thick. 
When  ambient  air  is  used,  no  obvious  concentration  polarization 
has  been  observed  for  the  planar  single  cells  with  60-pm-thick  LSM 
impregnated  cathode  [29]  and  50-pm-thick  LSCF  impregnated 
cathode  [30]  at  a  current  density  up  to  1  A  cm  2.  The  peak  power 
density  increases  to  0.55  W  citT2  when  100  ml  min-1  air  is  used. 
And  no  concentration  polarization  is  observed  even  when  the 
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Fig.  4.  Cross-sectional  images  for  (a)  a  blank  porous  YSZ;  (b)  a  porous  YSZ  infiltrated  with 
coated  on  the  inner  surface  of  porous  YSZ,  and  (f)  viewed  at  a  higher  magnitude. 

current  density  reaches  1.6  A  citT2.  Fig.  6b  shows  the  impedance 
spectra  under  open-circuit  conditions  using  stationary  air 
and  flowing  air.  The  total  polarization  resistance  remains  un¬ 
changed,  0.33  fi  cm2  at  750  °C,  suggesting  the  concentration 


LSCF;  (c)  a  three-layer  single  cell;  (d)  the  anode/electrolyte  interface;  (e)  LSCF  particles 

polarization  cannot  be  clearly  distinguished  under  the  open-circuit 
conditions. 

Fig.  7  shows  the  cell  performance  at  different  temperatures 
using  flowing  air  as  the  oxidant.  The  terminal  voltage  exhibits  a 
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Fig.  5.  Pore  size  distributions  for  a  blank  porous  YSZ  supporter  as  shown  in  Fig.  4a  and 
a  LSCF  infiltrated  supporter  as  shown  in  Fig.  4b. 


linear  decrease  with  the  increasing  current  density.  The  area 
specific  resistance  (ASR)  for  the  single  cell  is  calculated  to  be 
0.54  Q  cm2  at  750  °C  and  2.59  0  cm2  at  600  °C  from  the  slope  of 
the  voltage— current  curves.  The  peak  power  densities  are  0.55, 
0.37,  0.22,  0.12  W  citT2  at  750,  700,  650,  and  600  °C,  respectively. 
The  performance  is  higher  than  those  reported  for  cathode  sup¬ 
ported  tubular  SOFCs  using  humidified  H2  as  the  fuel  31—34], 
Zhao  et  al.  have  reported  a  peak  power  density  of  0.15  W  cm~2  at 
750  °C  for  the  cathode  supported  tubular  cell  with  LSM / 
LSM-Zro.sgSco.1Ceo.mO2  (SSZ)/SSZ/Ni— SSZ  structure  [31],  For  a 
Lao.6Cao.3Ce0.iMno.99(Ni,Cr)o.oi03/SSZ/Ni— SSZ  based  commercial 
cathode  supported  tubular  SOFC,  the  maximum  performance 
reaches  about  0.18  W  cm~2  at  700  °C  when  Sm-doped  Ce02 
electrocatalysts  are  infiltrated  to  both  the  cathode  and  anode 
[32], 


Fig.  6.  (a)  P — V — /  curves  and  (b)  impedance  spectrum  under  open-circuit  conditions 
measured  at  750  °C  for  the  single  cell  using  stationary  and  flowing  air  as  the  oxidant. 


Fig.  8a  and  b  shows  the  electrochemical  impedance  spectra  for 
the  single  cell  measured  under  open  circuit  conditions  from  750  to 
600  °C.  Flowing  air  is  used  as  oxidant.  Ohmic  resistance  (R0)  is 
0.31  Q  cm2  at  750  °C,  and  increases  to  0.62  Q  cm2  at  600  °C.  Rq 
values  are  much  higher  than  the  estimated  ohmic  resistance 
(0.04  fi  cm2  at  750  °C)  for  the  6.9  jim  thick  YSZ  layer  using  the 
conductivity  reported  by  Ciacchi  et  al.  [35].  The  ohmic  resistance  is 
contributed  by  not  only  the  electrolyte,  but  also  the  electrodes  and 
the  electrolyte/electrode  interfaces.  In  this  cathode  supported 
configuration,  R0  may  be  related  to  the  cathode  supporter  in 
addition  to  the  electrolyte.  The  electrode  polarization  resistance 
(Rp),  including  both  the  anode  and  the  cathode  contribution,  is  0.33 
and  2.91  Q  cm2,  respectively,  at  750  and  600  °C.  In  the  previous 
report,  a  LSM/LSM-SSZ  cathode  supported  tubular  cell  consisted  of 
10-pm-thick  SSZ  electrolyte  and  Ni-SSZ  anode  exhibits  R0  of 
0.91  Q  cm2,  Rp  of  1.84  O  cm2  [31],  In  comparison,  R0  and  Rp  of  our 
configuration  are  much  lower,  leading  to  the  high  power  density. 
The  total  resistance  (Rt)  is  the  sum  of  R0  and  Rp,  0.64  and  3.53  Q  cm2 
at  750  and  600  °C,  respectively.  At  the  same  temperature,  Rt  is 
higher  than  the  resistance  estimated  from  the  V—I  curve.  The  dif¬ 
ference  is  usually  caused  by  the  activation  polarization  [36],  The 
contribution  of  Rp  to  Rt  is  51%  at  750  °C,  increases  to  82%  at  600  °C. 

Fig.  9  shows  the  performance  of  a  LSM  (15  wt.%)  infiltrated  YSZ 
cathode  supported  tubular  cell.  At  750  °C,  the  peak  power  density  is 
about  0.17  W  cm~2  (Fig.  9a),  higher  than  that  reported  for  an  LSM- 
based  cathode  supported  tubular  cell,  0.15  W  cm~2  [31],  but  much 
lower  than  that  of  the  LSCF-based  cell,  0.55  W  citT2.  From  the 
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Fig.  9.  The  performance  for  a  LSM-infiltrated  cathode-supported  tubular  cell:  (a) 
P-V—I  curves  and  (b)  impedance  spectrum  under  the  open-circuit  conditions. 


impedance  spectrum  (Fig.  9b),  the  ohmic  resistance  is  close  to  that 
of  the  LSCF  cell.  However,  the  polarization  resistance  is  much 
higher.  At  700  °C,  Rp  is  about  3  fi  cm2,  five  times  higher  than  that  of 
the  LSCF-based  cell. 

Fig.  10  shows  the  current  density  versus  the  testing  time  when 
the  cell  is  operated  with  a  constant  voltage  load  (0.7  V)  at  600  °C. 
Within  the  tested  220  h,  a  relatively  flat  performance  is  observed, 
with  a  decline  of  about  3%. 


4.  Conclusions 

LSCF— YSZ  cathode  supported  tubular  solid  oxide  fuel  cells  are 
successfully  fabricated  by  impregnating  LSCF  solution  into  porous 
YSZ  supported  tube.  No  obvious  solid  state  reaction  is  observed 
between  LSCF  and  YSZ  due  to  the  relatively  low  processing 


temperature.  Well  connected  LSCF  particles  of  nano-scale  are 
formed  on  the  inner  surface  of  the  porous  YSZ.  The  cell  has 
possessed  low  ohmic  and  polarization  resistance,  0.31  O  cm2  and 
0.33  n  cm2  at  750  °C,  respectively.  The  peak  power  densities  are 
0.55,  0.37,  0.22,  0.12  W  cm"2  at  750,  700,  650,  and  600  °C, 
respectively.  The  power  density  is  about  three  times  higher  than 
that  of  the  LSM-infiltrated  cathode-supported  tubular  cell.  While 
extensive  concern  is  now  focused  on  the  co-sintering  process  of  the 
cathode  supporter  and  the  electrolyte,  our  results  demonstrate  a 
feasible  approach  for  fabricating  cathode  supported  tubular  cell 
with  high  catalytic  materials  such  as  LSCF,  SSC,  BSCF  and  PBC. 
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